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Description

[0001] Embodiments of the invention relate generally
to diagnostic imaging and, more particularly, to an appa-
ratus for dual energy CT spectral imaging that provides
for accurate blood vessel stenosis visualization and
quantification.

[0002] Typically, in computed tomography (CT) imag-
ing systems, an x-ray source emits a fan-shaped beam
toward a subject or object, such as a patient or a piece
of luggage. Hereinafter, the terms "subject" and "object"
shall include anything capable of being imaged. The
beam, after being attenuated by the subject, impinges
upon an array of radiation detectors. The intensity of the
attenuated beam radiation received at the detector array
is typically dependent upon the attenuation of the x-ray
beam by the subject. Each detector element of the de-
tector array produces a separate electrical signal indic-
ative of the attenuated beam received by each detector
element. The electrical signals are transmitted to a data
processing system for analysis which ultimately produc-
es an image.

[0003] CHRISTOPH THOMAS ET AL: "Automatic Lu-
men Segmentation in Calcified Plaques: Dual-Energy CT
Versus Standard Reconstructions In Comparison With
Digital Subtraction Angiography"”, AMERICAN JOUR-
NAL OF ROENTGENOLOGY, AMERICAN ROENTGEN
RAY SOCIETY, US, vol. 194, no. 6, 1 June 2010
(2010-06-01), pages 1590-1595, XP009163019, ISSN:
0361-803X, DOI: 10.2214/AJR.09.3550, for example,
describes a known CT technique.

[0004] Certain imaging procedures that make use of
CT imaging can be challenging based on the presence
of imaging artifacts that appear in a reconstructed image
(i.e., beam hardening artifacts). For example, accuracy
of stenosis measurements inblood vesselsis achallenge
in CT imaging, especially in the presence of plaque in
the vessels that includes high density calcium. The high
density calcium plaque in blood vessels introduces a
blooming effect that overestimates the true extent of the
plaque in the vessel and significantly affects the visuali-
zation of the true contrast flow in the vessels. This dis-
torting of the true extent of the plaque in the vessel leads
to inaccurate stenosis measurements.

[0005] Therefore, it would be desirable to design an
apparatus that provides for more accurate quantification
and visualization of stenosis in blood vessels by reducing
the blooming effects of high density plaque in recon-
structed CT images.

[0006] Various aspects and embodiments of the
present invention are defined by the appended claims.
[0007] Various other features and advantages will be
made apparent from the following detailed description
and the drawings.

[0008] The drawings illustrate preferred embodiments
presently contemplated for carrying out the invention:
[0009] In the drawings:
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FIG. 1is a pictorial view of a dual energy CT imaging
system for use with embodiments of the invention.

FIG. 2 is a block schematic diagram of the system
illustrated in FIG. 1.

FIG. 3 is a perspective view of one embodiment of
a CT system detector array.

FIG. 4 is a perspective view of one embodiment of
a detector.

FIG. 5 is a flowchart of a technique for dual energy
spectral CT imaging for stenosis visualization and
quantification according to an embodiment of the in-
vention.

FIG. 6 is a flowchart of a technique for dual energy
spectral CT imaging for stenosis visualization and
quantification not being part of the invention.

FIG. 7 is a flowchart of a technique for dual energy
spectral CT imaging for stenosis visualization and
quantification according to another embodiment of
the invention.

FIG. 8is aflowchart of atechnique for stenosis meas-
urement correction according to an embodiment of
the invention.

[0010] The operating environment of various embodi-
ments of the invention is described with respect to a sixty-
four-slice computed tomography (CT) system However,
it will be appreciated by those skilled in the art that the
invention is equally applicable for use with single-slice or
other multi-slice configurations. Moreover, the invention
will be described with respect to the detection and con-
version of x-rays. However, one skilled in the art will fur-
ther appreciate that the invention is equally applicable
for the detection and conversion of other high frequency
electromagnetic energy. An implementation is employa-
ble with a "third generation" CT scanner and/or other CT
systems.

[0011] Referring to FIG. 1, a computed tomography
(CT) imaging system 10 is shown as including a gantry
12 representative of a "third generation" CT scanner. Ac-
cording to an exemplary embodiment of the invention,
CT system 10 is provided as a Gemstone Spectral Im-
aging (GSI) dual energy CT system from GE Healthcare.
Gantry 12 has an x-ray source 14 that projects a beam
of x-rays 16 toward a detector assembly or collimator 18
on the opposite side of the gantry 12. Referring now to
FIG. 2, detector assembly 18 is formed by a plurality of
detectors 20 and data acquisition systems (DAS) 32. The
plurality of detectors 20 sense the projected x-rays that
pass through a medical patient 22, and DAS 32 converts
the data to digital signals for subsequent processing.
Each detector 20 produces an analog electrical signal
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that represents the intensity of an impinging x-ray beam
and hence the attenuated beam as it passes through the
patient 22. During a scan to acquire x-ray projection data,
gantry 12 and the components mounted thereon rotate
about a center of rotation 24. CT imaging system 10 is a
dual-energy system, in that energy is projected from x-
ray source 14 atdifferent chromatic energy statesin order
to enhance contrast separation within image(s).

[0012] Rotation of gantry 12 and the operation of x-ray
source 14 are governed by a control mechanism 26 of
CT system 10. Control mechanism 26 includes an x-ray
generator 28 that provides power and timing signals to
an x-ray source 14 and a gantry motor controller 30 that
controls the rotational speed and position of gantry 12.
An image reconstructor 34 receives sampled and digi-
tized x-ray data from DAS 32 and performs high speed
reconstruction. The reconstructed image is applied as an
input to a computer 36 which stores the image in a mass
storage device 38.

[0013] Computer 36 also receives commands and
scanning parameters from an operator via console 40
that has some form of operator interface, such as a key-
board, mouse, voice activated controller, or any other
suitable input apparatus. An associated display 42 allows
the operatorto observe the reconstructed image and oth-
er data from computer 36. The operator supplied com-
mands and parameters are used by computer 36 to pro-
vide control signals and information to DAS 32, x-ray gen-
erator 28 and gantry motor controller 30. In addition, com-
puter 36 operates a table motor controller 44 which con-
trols a motorized table 46 to position patient 22 and gantry
12. Particularly, table 46 moves patients 22 through a
gantry opening 48 of FIG. 1 in whole or in part.

[0014] As shown in FIG. 3, detector assembly 18 in-
cludes rails 17 having collimating blades or plates 19
placed therebetween. Plates 19 are positioned to colli-
mate x-rays 16 before such beams impinge upon, for
instance, detector 20 of FIG. 4 positioned on detector
assembly 18. In one embodiment, detector assembly 18
includes 57 detectors 20, each detector 20 having an
array size of 64 x 16 of pixel elements 50. As a result,
detector assembly 18 has 64 rows and 912 channels (16
x 57 detectors) which allows 64 simultaneous slices of
data to be collected with each rotation of gantry 12.
[0015] Referring to FIG. 4, detector 20 includes DAS
32, with each detector 20 including a number of detector
elements 50 arranged in pack 51. Detectors 20 include
pins 52 positioned within pack 51 relative to detector el-
ements 50. Pack 51 is positioned on a backlit diode array
53 having a plurality of diodes 59. Backlit diode array 53
is in turn positioned on multi-layer substrate 54. Spacers
55 are positioned on multi-layer substrate 54. Detector
elements 50 are optically coupled to backlit diode array
53, and backlit diode array 53 is in turn electrically cou-
pled to multi-layer substrate 54. Flex circuits 56 are at-
tached to face 57 of multi-layer substrate 54 and to DAS
32. Detectors 20 are positioned within detector assembly
18 by use of pins 52.
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[0016] In the operation of one embodiment, x-rays im-
pinging within detector elements 50 generate photons
which traverse pack 51, thereby generating an analog
signal which is detected on a diode within backlit diode
array 53. The analog signal generated is carried through
multi-layer substrate 54, through flex circuits 56, to DAS
32 wherein the analog signal is converted to a digital
signal.

[0017] According to embodiments of the invention CT
system 10 is operated to obtain CT images of a region-
of-interest of a patient that includes a blood vessel struc-
ture therein that is partly stenosed (i.e., blocked) form a
high density plaque deposit, so as allow for accurate
blood vessel stenosis measurements to be made on the
blood vessel. When acquiring such images for perform-
ing stenosis measurements, it is recognized that the
presence of high-density plaque (e.g., calcium plaque)
in the vessels that causes the stenosis also hinders the
visualization of patency of the vessel in acquired CT im-
ages. The beam hardening effects of the plaque create
an artificial halo around the vessels in the CT image and
lead to a blooming phenomenon that overestimates the
amount and volume of plaque in a CT study. This is in
addition to the blurring of the actual plaque deposit due
to inherent system transfer functions of the CT system.
[0018] As set forth above, CT imaging system 10 op-
erates as a dual-energy system, thereby providing for
correction for the blooming or beam hardening caused
by the high density plaque. CT system 10 utilizes dual-
energy scanning to obtain diagnostic CT images that en-
hance contrast separation within the image by acquiring
data of the same locations at two different tube voltage
levels (KV). Using the images obtained during the dual
energy CT scan, monochromatic images are generated.
That is, a monochromatic image can be created at a
number of energy levels with each image being at a spe-
cific x-ray energy (KeV). While embodiments of the in-
vention described below describe generation of mono-
chromatic images at only two levels, it is recognized that
monochromatic images can be created at a greater
number of energy levels, such as three, four, or five en-
ergy levels, for example. Thus, embodiments of the in-
vention are not limited to the acquiring and generating
monochromatic images at only two energy levels (i.e.,
only a pair of "high" and "low" energy images), and dis-
cussion of such here below is notto be construed as such
a limitation.

[0019] By utilizing dual energy CT, the effect of beam
hardening artifact of the high density plaque material can
be minimized by looking at the same material at different
virtual monochromatic energy levels. That is, high mon-
ochromatic energy levels reduce the intensity and corre-
sponding blooming phenomenon of plaque, and that in-
formation can be used for the benefit of accurate deter-
mination of extent of plaque in the patient vessel. Also
the contrast media in the vessels will contribute very little
atthese high energy and thus the visualization of an exact
extent of the high density calcium plaque deposits are
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possible at these high energy images. By obtaininga CT
image at an optimized high monochromatic energy level,
the beam hardening artifacts of the high density plaque
material will be kept to a determined minimum, thus al-
lowing for accurate visualization of the high density
plaque material and accurate quantification of stenosis
of the blood vessel.

[0020] Referring now to FIG. 5, a technique 60 for re-
ducing the blooming effects of high density plaque in CT
images by way of dual energy spectral CT imaging is
shown according to an embodiment of the invention, so
as to provide for more accurate quantification and visu-
alization of stenosis in vessels. The technique 60 gener-
ates a combination vessel patency image for purposes
of minimizing beam hardening or blooming associated
with high density plaque in the vessel. According to tech-
nique 60, a calibration is first performed at STEP 62 to
identify an optimum high monochromatic energy level
that minimizes the blooming phenomenon/beam hard-
ening in imaging of the plaque deposit. Upon calibration,
CT image data is acquired at STEP 64 at a low energy
setting and at the determined optimum high energy set-
ting, according to a dual-energy scanning process/image
acquisition. Thus, as STEP 64, the low energy image can
be acquired at 65 KeV and the high energy image can
be acquired at 130 KeV, for example, although it is rec-
ognized that other suitable energy levels could also be
used, such as another optimum high energy level that is
selected based on the calibration results. According to
additional embodiments of technique 60, it is also recog-
nized that the high energy image can be acquired at a
clinically accepted KeV setting (e.g., 130 KeV) without
performing the calibration of STEP 62 or that the calibra-
tion of STEP 62 could be done once during the system
setup, with the information about behavior of high density
calcium samples being stored for use later with CT image
data acquired at STEP 64.

[0021] With further regard to the acquisition of CT im-
age data at STEP 64, according to an exemplary embod-
iment of the invention, the CT image data is acquired via
scans at two different tube voltage levels (KV), which
changes the peak and spectrum of energy of the incident
photons comprising the emitted x-ray beams (KeV), via
the use of fast switching of the tube voltage. The scans
are interleaved as a function of the rotation angle and
thus only one gantry rotation around the subject is re-
quired to acquire the low energy CT data and the high
energy CT data. Thus, beneficially, there is no registra-
tion issue with blood vessel and plaque locations on the
patient with regard to the low and high energy images,
as opposed to if low and high energy CT data were ac-
quired via the use of two tubes (i.e., x-ray sources 14,
FIG. 1) or two rotations of the gantry 12 (FIG. 1).
[0022] Upon acquisition of CT image data at each of
the low and high energy level settings at STEP 64, vessel
pixels and plaque region pixels are then selected from
CT image data acquired at the most optimal energy level
settings with regard to providing contrast in a CT image.
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According to an exemplary embodiment of the invention,
the vessel pixels are selected from the low energy image
data (e.g., the 65 KeV image) and the plaque region pix-
els are selected from the high energy image data, as the
blooming effect is minimal in the high energy image data.
Thus, in a next step of technique 60, the high energy
level image data is processed at STEP 66 to reconstruct
a monochromatic image of the region-of-interest. The
high energy level image is then analyzed at STEP 68 to
identify and segment plaque deposit pixels therefrom.
These identified plaque deposit pixels are then used to
generate an image mask at STEP 70 that will be applied
during generation of the low energy level image. Thus,
subsequent to segmentation of the plaque deposit region
pixels and generation of the image mask, the low energy
level image is processed at STEP 72. In generating the
low energy level image, the image mask generated from
the plaque deposit pixels is applied such that the masked
pixels will be ignored during creation of the low energy
level image.

[0023] Upon generation of the low energy level image,
the plaque pixels from the high energy level image are
added onto the low energy level image of the vessel at
STEP 74. Thus, a combinationimage is generated where
vessel and other tissues are at a low energy level and
the high density plaque is at the high energy level set-
tings. This results in an image where the vessel is at its
optimal contrast enhancement but the blooming effect of
the plaque deposit is at its minimum. This image can
allow the user to see the actual extent of plaque in the
vessel. This combination image can be made for any
thicknesses, sizes, kernels, entire CT volume or part of
it, reformatted slices and even volume rendered and
Maximum Intensity Projection images. The plaque pixel
images and the rest of the images can also be at different
kernel settings. The accurate visualization of the plaque
deposit thereby provides for an accurate measurement
of the stenosed regions (i.e. of the plaque deposit) at
STEP 76, with such a measurement step being per-
formed either automatically by the CT system 10, such
as by computer 20, or being performed manually by a
system operator.

[0024] According to another embodiment not being
part of the invention, a technique 80 is provided in FIG.
6 for generating a vessel patency image for purposes of
minimizing beam hardening associated with high density
plaque. Technique 80 begins at STEP 82, where a cali-
bration is first performed to identify an optimum high mon-
ochromatic energy level that minimizes the blooming
phenomenon/beam hardening in imaging of the plaque
deposit. Alternatively, as set forth above with respect to
technique 60 (FIG. 5), itis recognized thatthe high energy
image could be acquired at a clinically accepted KeV
setting (e.g., 130 KeV) without performing the calibration.
Referring again to technique 80 shown in FIG. 6, upon
calibration, CT image data is acquired at STEP 84 at
each of a low energy setting and a high energy setting,
according to a dual-energy scanning process/image ac-
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quisition. For example, the low energy image can be ac-
quired at 65 KeV and the high energy image can be ac-
quired at 130 KeV, although it is recognized that other
suitable energy levels could also be used.

[0025] Upon acquisition of CT image data at each of
the low and high energy levels, the high energy level
image data is processed at STEP 86 to reconstruct a
monochromatic image of the region-of-interest. The high
energy level image is then analyzed at STEP 88 to seg-
ment out plaque region pixels from the high energy level
image. The plaque region pixels are selected from the
high energy image data, as the blooming effectis minimal
in the high energy image. The low energy level image
data is then processed at STEP 90 to generate an entire
CT image at the lower energy setting (e.g., 65 KeV), so
as to highlight a better signal to noise ratio of blood ves-
sel/tissue and contrast media in the CT image. That is,
an image including the blood vessel and other tissues,
as well as the high density plaque deposit, is generated
at STEP 90 from the low energy level image data. This
is opposed to technique 60 illustrated in FIG. 5, where
selected masked portions were excluded from image re-
construction of the low level energy data, such that only
a partial image was reconstructed.

[0026] Upon generation of the entire CT image, the
plaque region pixel segmented from the high energy level
image data is processed and overlaid on the monochro-
matic low energy level image at STEP 92. The plaque
region pixel segmented from the high energy level image
data is processed and overlaid on the monochromatic
low energy level image is generated in color. The color
overlay of the plaque region can be selectively displayed
ON and OFF with a keystroke or button choice during
visualization. The overlay can become active when the
user is ready to take a measurement of the stenosis, for
example. At STEP 94, a measurement of the stenosed
regions is performed, with such a measurement being
made either manually by a user or automatically (e.g.,
by computer 20 of FIG. 1) based on the extent of the
color plaque overlay region.

[0027] Referring now to FIG. 7, a technique 100 is set
forth for generating a CT image having minimized beam
hardening associated with high density plaque in the ves-
sel. According to technique 100, a calibration is first per-
formed at STEP 102 to identify an optimum high mono-
chromatic energy level that minimizes the beam harden-
ing in imaging of the plaque deposit. CT image data is
then acquired at STEP 104 at each of alow energy setting
and at the optimum high energy setting, according to a
dual-energy scanning process/image acquisition. For ex-
ample, the low energy image can be acquired at 65 KeV
and the high energy image can be acquired at 130 KeV,
although itis recognized that other suitable energy levels
could also be used.

[0028] AtSTEP 106, plaque region pixels are identified
fromthe CT data acquired atan optimal high energy level.
Upon such identification of the plaque region pixels in
the high energy image, plaque region pixels in the low
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energy level image data are isolated at STEP 108 and
re-projected to the low energy scan data so as to gener-
ate a "modified low energy image data" set. A plaque-
less imageis then generated at STEP 110 by reconstruct-
ing the modified low energy level image data, such as
via a back projection technique. This reconstruction of
the low energy level image data, without inclusion of the
plaque region pixels, will reduce the blooming effect or
beam hardening in the image, as the image is recon-
structed from the raw data without the plaque data. Upon
reconstruction of the plaque-less image, the plaque pix-
els from the high energy level scan are added to the
plaque-less image generated from the low energy level
image data at STEP 112 as in IBO or beam hardening
correction, thus producing a true plaque-corrected image
(or a plaque removed image) that provides a more accu-
rate stenosis visualization. A measurement of the blood
vessel stenosis is then made at STEP 114 based on the
reconstructed image, with such a measurement step be-
ing performed either automatically or manually by a sys-
tem operator.

[0029] As set forth above, for each of the techniques
60, 80, 100 of FIGS. 5-7, a measurement can be taken
of the blood vessel stenosis based on the reconstructed
image illustrating the blood vessel structure and plaque
deposit. For the stenosis measurement performed in
each of the techniques 60, 80, 100, or for stenosis meas-
urements made on a standardly acquired CT image, cor-
rections to the stenosis measurement can be made to
correct for any overestimation of the amount of plaque
deposits in the reconstructed image. Thatis, the stenosis
measurements done on a CT image are modified by cor-
recting for the amount of overestimation of plaque de-
posits usually seen atthatimage energy level. By utilizing
dual energy CT to obtain the Full Width Half Maximum
(FWHM) of profiles across plaque deposits for images
created at differing monochromatic energy levels, and
comparing those FWHM profiles to actual measured siz-
es of the plaque deposits, a relationship between the
monochromatic energy levels and the amount of bloom-
ing can be determined. From the use of dual energy CT,
it is seen that the FWHM decreases with higher energy
levels for all cases. In addition to the effect of the mon-
ochromatic energy levels on the FWHM, which is indic-
ative of the blooming effect, the use of clinical visualiza-
tion settings (window width and level of the images con-
taining these samples) for analyzing the plaque deposit
profiles further enhances this relationship between the
FWHM and the actual size of the plaque deposit.
[0030] In light of the above, it is possible to predict the
error in the profile measures of the plaque deposit from
actual measures of the plaque deposit at different mon-
ochromatic energy levels by taking into consideration the
sample density, size, and visualization settings. This in-
formation can be easily tabulated experimentally by using
a properly designed phantom that can be used as a cal-
ibration step of the CT system.

[0031] Referring now to FIG. 8, a technique 120 for
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correcting stenosis measurements is set forth according
to an embodiment of the invention. According to the tech-
nique 120, a measurement of the blood vessel stenosis
is first made at STEP 122 based on a reconstructed CT
image of the blood vessel and the plaque deposit therein,
with such a measurement step being performed either
automatically or manually by a system operator. Upon
measurement of the blood vessel stenosis, alookup table
is accessed at STEP 124 that correlates the amount of
overestimation of plaque deposits usually seen at each
of a plurality of image energy levels. Such correlations
in the lookup table can be based on prior calibration/ex-
perimentation comparing FWHM of profiles across
plaque deposits for images created at differing mono-
chromatic energy levels to actual measured sizes of
plaque deposits, a relationship between the monochro-
matic energy levels and the amount of blooming can be
determined. The lookup table sets forth a suggested cor-
rection to the blood vessel stenosis based on the image
energy level at which the image data was acquired, and
at STEP 126 this correction is applied to generate a cor-
rected blood vessel stenosis measurement.

[0032] Accordingtoan alternative embodimentoftech-
nique 120, it is recognized that a correction to the meas-
ured blood vessel stenosis can be determined by way of
an equation rather than accessing a lookup table. Such
an equation takes into consideration the relationship be-
tween measurement error, image window width and win-
dow level clinical visualization settings used, density of
the plaque material in houndsfield units (HU), and the
energy level of the image being measured.

[0033] It is recognized that additional steps (e.g., in
addition to FWHM-based techniques) can be performed
in each of the techniques 60, 80, 100 of FIGS. 5-7 to
refine the identified/segmented plaque deposit pixels.
Forexample, a de-convolution process can be performed
on the identified/segmented plaque deposit pixels so as
to refine the identified plaque material refined for the sys-
tem transfer function. De-convolution is applied with the
point spread function of the reconstruction kernel used.
Thus, a de-convolution of the identified calcium regions
at high energy after isolating/segmenting such regions
corrects or refines the identified calcium, with that cor-
rected information then being added to the low energy
images, such that a more accurate sizing of the high den-
sity calcium deposits are provided in a finalized image
and such that a more accurate stenosis measurement
can be performed.

[0034] In each of techniques 60, 80, 100 set forth in
FIGS. 5-7, itis recognized that still additional refinements
and/or alternations to the techniques can be made to
improve the stenosis visualization and quantification
process. For example, center line information from a low
KeV image can be used, along with the reusing of other
common points at other energy levels in order to visualize
and compare blood vessels in different orientations with-
out having to reprocess the center line of a vessel with
contrast at all KeV settings. The optimal contrast level
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image can be used to get the most accurate center line
tracking and the results can be used for all other KeV
settings, thus allowing forimproved quantification of ves-
sel parameters.

[0035] A technical contribution for the disclosed appa-
ratus is that is provides for a computer implemented
method and apparatus for dual energy CT spectral im-
aging that provides for accurate blood vessel stenosis
visualization and quantification.

[0036] One skilled in the art will appreciate that em-
bodiments of the invention may be interfaced to and con-
trolled by a computer readable storage medium having
stored thereon a computer program. The computer read-
able storage medium includes a plurality of components
such as one or more of electronic components, hardware
components, and/or computer software components.
These components may include one or more computer
readable storage media that generally stores instructions
such as software, firmware and/or assembly language
for performing one or more portions of one or more im-
plementations or embodiments of a sequence. These
computer readable storage media are generally non-
transitory and/or tangible. Examples of such a computer
readable storage medium include a recordable data stor-
age medium of a computer and/or storage device. The
computer readable storage media may employ, for ex-
ample, one or more of a magnetic, electrical, optical, bi-
ological, and/or atomic data storage medium. Further,
such media may take the form of, for example, floppy
disks, magnetictapes, CD-ROMs, DVD-ROMs, hard disk
drives, and/or electronic memory. Other forms of non-
transitory and/or tangible computer readable storage me-
dia not listed may be employed with embodiments of the
invention.

[0037] A number of such components can be com-
bined or divided in an implementation of a system. Fur-
ther, such components may include a set and/or series
of computer instructions written in or implemented with
any of a number of programming languages, as will be
appreciated by those skilled in the art.

[0038] Therefore, according to one embodiment of the
invention, a CT system includes a rotatable gantry having
an opening to receive a patient to be scanned and an x-
ray source positioned on the rotatable gantry and con-
figured to project x-rays toward a region-of-interest of the
patient that includes a blood vessel in a stenosed condi-
tion and having a plaque material therein. The CT system
also includes an x-ray detector positioned on the rotata-
ble gantry and positioned to receive x-rays emitted by
the x-ray source and attenuated by the region-of-interest
and a data acquisition system (DAS) operably connected
to the x-ray detector. The CT system further includes a
computer programmed to obtain a first set of CT image
data for the region-of-interest at a first chromatic energy
level, obtain a second set of CT image data for the region-
of-interest at a second chromatic energy level that is high-
er than the first chromatic energy level, and identify
plaque material in the region-of-interest by analyzing the
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second set of CT image data.

[0039] According to another embodiment of the inven-
tion, anon-transitory computer readable storage medium
has stored thereon a computer program comprising in-
structions, which, when executed by a computer, cause
the computer to cause an x-ray source in a computed
tomography (CT) system to emit x-rays at each of a first
chromatic energy level and a second chromatic energy
level toward a patient during respective first and second
scans, with the second chromatic energy level being
higher than the first chromatic energy level. The instruc-
tions also cause the computer to obtain a first set of CT
image data and a second set of CT image data for a
region-of interest of the patient from the respective first
and second scans, with the region-of-interest comprising
a blood vessel in a stenosed condition that includes a
high-density plaque material therein. The instructions fur-
ther cause the computer to perform an analysis of the
second set of CT image data to isolate pixels correspond-
ing to the high-density plaque material in the region-of-
interest, reconstruct one of a partial image and a full im-
age of the region-of-interest from the first set of CT image
data that includes at least an image of the blood vessel,
and apply the isolated pixels corresponding to the high-
density plaque material to the one of the partial image
and the fullimage generated from thefirst set of CT image
data to generate a finalized image of the region-of inter-
est.

[0040] This written description uses examples to dis-
close the invention, including the preferred mode, and
also to enable any person skilled in the art to practice the
invention, including making and using any devices or sys-
tems. The patentable scope of the invention is defined
by the claims, and may include other examples that occur
to those skilled in the art. Such other examples are in-
tended to be within the scope of the claims if they have
structural elements that do not differ from the literal lan-
guage of the claims, or if they include equivalent struc-
tural elements with insubstantial differences from the lit-
eral languages of the claims.

Claims

1. A CT system (10) for blood vessel stenosis visuali-
zation and quantification comprising:

a rotatable gantry (12) having an opening (48)
to receive a patient (22) to be scanned;

an x-ray source (14) positioned on the rotatable
gantry (12) and configured to project x-rays (16)
toward a region-of-interest of the patient (22)
that includes a blood vessel in a stenosed con-
dition and having a plaque material therein;

an x-ray detector (18) positioned on the rotatable
gantry (12) and positioned to receive x-rays
emitted by the x-ray source (14) and attenuated
by the region-of interest;
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a data acquisition system (DAS) (32) operably
connected to the x-ray detector (18); and
a computer (36) programmed to:

obtain (64) a first set of CT image data for
the region-of interest at a first chromatic en-
ergy level;

obtain (64) a second set of CT image data
for the region-of-interest at a second chro-
matic energy level that is higher than the
first chromatic energy level;

reconstruct (66) a first monochromatic im-
age of the region-of-interest from the sec-
ond set of CT image data at said second
chromatic energy level;

identify and segment out (68) plaque mate-
rial pixels from the reconstructed first mon-
ochromatic image;

generate an image mask (70) from the seg-
mented plaque material pixels;
reconstruct (72) a second monochromatic
image of the region-of interest, at the first
chromatic energy level, from the first set of
CT image data while applying the image
mask, such that pixels masked by the image
mask are excluded from the reconstruction
of the second monochromatic image;

add (74) the segmented plaque material
pixels to the second monochromatic image
to form a combination image of the region-
of-interest; and

measure (76) blood vessel stenosis from
the combination image of the region-of in-
terest.

2. TheCT system (10) of claim 1 wherein the computer
(36) is further programmed to:

perform a calibration (62) of the CT system (10)
to determine a chromatic energy level at which
beam hardening associated with imaging of the
plaque material is minimized; and

set the second chromatic energy level at an en-
ergy level setting that minimizes beam harden-
ing associated with imaging of the plaque ma-
terial based on the calibration of the CT system
(10).

3. The CT system (10) of any preceding claim wherein
the computer (36) is further programmed to:

access a look-up table providing a correlation
between chromatic energy levels employed for
a scan and overestimation error of plaque ma-
terial size associated with such chromatic ener-
gy levels; and

apply a correction to the stenosis measurement
(76) based on the look-up table correlations.
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The CT system (10) of any preceding claim wherein
the computer (36) is /4 further programmed to obtain
the first and second sets of CT image data during a
single rotation of the rotatable gantry (12) and using
a single x-ray source (14).

Patentanspriiche

CT-System (10) fir eine Visualisierung und Quanti-
fizierung einer Stenose in einem Blutgefald, wobei
das System umfasst:

ein drehbares Gestell (12) mit einer Offnung
(48), um einen Patienten (22) aufzunehmen, der
gescannt (bzw. abgetastet) werden soll;

eine Réntgenquelle (14), die auf dem drehbaren
Gestell (12) positioniert und konfiguriert ist, um
Réntgenstrahlen (16) auf einen Bereich von In-
teresse des Patienten (22), der ein Blutgefald in
einem Stenosezustand enthdlt und darin ein
Plaguematerial aufweist, zu projizieren;

einen Réntgendetektor (18), der auf dem dreh-
baren Gestell (12) positioniertistund positioniert
ist, um Réntgenstrahlen, die von der Réntgen-
quelle (14) ausgestrahlt und von dem Bereich
von Interesse gedampft worden sind, zu emp-
fangen;

ein Datenerfassungssystem (DAS) (32), das
operativ mit dem Réntgendetektor (18) verbun-
den ist; und

einen Computer (36), der programmiert ist, um:

einen ersten Satz von CT-Abbildungsdaten
furdenBereich von Interesse beieinem ers-
ten chromatischen Energieniveau zu erhal-
ten (64);

einen zweiten Satz von CT-Abbildungsda-
ten fiir den Bereich von Interesse bei einem
zweiten chromatischen Energieniveau, das
héher als das erste chromatische Energie-
niveau ist, zu erhalten (64);

eine erste monochromatische Abbildung
des Bereichs von Interesse aus dem zwei-
ten Satz von CT-Abbildungsdaten bei dem
zweiten chromatischen Energieniveau wie-
der aufzubauen (66);

Plaquematerialpixel aus der wieder aufge-
bauten ersten monochromatischen Abbil-
dung zu identifizieren und herauszuseg-
mentieren (68);

eine Abbildungsmaske aus den segmen-
tierten Plaquematerial-pixeln zu erzeugen
(70);

eine zweite monochromatische Abbildung
des Bereichs von Interesse aus dem ersten
Satz von CT-Abbildungsdaten bei dem ers-
ten chromatischen Energieniveau wahrend
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der Anwendung der Abbildungsmaske wie-
der aufzubauen (72), derart, dass Pixel, die
durch die Abbildungsmaske abgedeckt
worden sind, von dem Wiederaufbau der
zweiten monochromatische Abbildung aus-
geschlossen werden;

die segmentierten Plaquematerialpixel zu
derzweiten monochromatischen Abbildung
hinzuzufiigen (74), um eine Kombinations-
abbildung des Bereichs von Interesse zu
bilden; und

eine Stenose eines Blutgefales aus der
Kombinationsabbildung des Bereichs von
Interesse zu messen (76).

2. CT-System (10) nach Anspruch 1, wobei der Com-

puter (36) ferner programmiert ist, um:

eine Kalibrierung (62) des CT-Systems (10)
durchzufiihren, um ein chromatisches Energie-
niveau zu bestimmen, bei welchem eine Strahl-
aufhartung, die mit dem Abbilden des Plaque-
materials verbunden ist, minimiert wird; und
das zweite chromatische Energieniveau bei ei-
ner Festsetzung des Energieniveaus festzuset-
zen, das die Strahlaufhartung, die mit dem Ab-
bilden des Plaguematerials verbunden ist, auf
der Grundlage der Kalibrierung des CT-Sys-
tems (10) minimiert.

3. CT-System (10) nach einem vorhergehenden An-

spruch, wobei der Computer (36) ferner program-
miert ist, um:

auf eine Umsetzungstabelle, die eine Korrelati-
on zwischen den chromatischen Energieni-
veaus, die fUr einen Scan eingesetzt werden,
und einem Uberbewertungsfehler der GroRe
des Plaquematerials, der mit solchen chromati-
schen Energieniveaus verbunden ist, zurtickzu-
greifen; und

eine Korrektur an der Stenosemessung (76) auf
der Grundlage der Korrelationen der Umset-
zungstabelle vorzunehmen.

CT-System (10) nach einem vorhergehenden An-
spruch, wobei der Computer (36) ferner program-
miert ist, um wahrend einer einzelnen Drehung des
drehbaren Gestells (12) und unter Verwendung ei-
ner einzelnen Réntgenquelle (14) den ersten und
den zweiten Satz von CT-Abbildungsdaten zu erhal-
ten.

Revendications

Systeme de CT (10) pour la visualisation et la quan-
tification d’'une sténose de vaisseau sanguin
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comprenant :

un portique rotatif (12) ayant une ouverture (48)
pour recevoir un patient (22) devant subir un
scanner ;

une source de rayons X (14) positionnée sur le
portique rotatif (12) et configurée pour projeter
des rayons X (16) vers une région d’intérét du
patient (22) qui inclut un vaisseau sanguin dans
un état sténosé et ayant une matiére en plaque
en son sein ;

un détecteur de rayons X (18) positionné sur le
portique rotatif (12) et positionné pour recevoir
des rayons X émis par la source de rayons X
(14) et atténués par la région d’intérét ;

un systéme d’acquisition de données (DAS) (32)
relié de maniére opérationnelle au détecteur de
rayons X (18) ; et

un ordinateur (36) programmé pour :

obtenir (64) un premier ensemble de don-
nées d’'image de CT pour la région d’intérét
a un premier niveau d’énergie
chromatique ;

obtenir (64) un second ensemble de don-
nées d’'image de CT pour la région d’intérét
a un second niveau d’énergie chromatique
qui est supérieur au premier niveau d’éner-
gie chromatique ;

reconstruire (66) une premiére image mo-
nochromatique de la région d’intérét a partir
du second ensemble de données d’image
de CT audit second niveau d’énergie
chromatique ;

identifier et segmenter (68) les pixels de ma-
tiere en plaque a partirde la premiére image
monochromatique reconstruite ;

produire un masque d’'image (70) a partir
des pixels segmentés de matiére en
plaque ;

reconstruire (72) une seconde image mo-
nochromatique de la région d’intérét, au
premier niveau d’énergie chromatique, a
partir du premier ensemble de données
d’'image de CT, tout en appliquant le mas-
que d’image, de sorte que des pixels mas-
qués par le masque d’'image sont exclus de
la reconstruction de la seconde image
monochromatique ;

ajout (74) des pixels segmentés de matiere
en plaque a la seconde image monochro-
matique pour former une image de combi-
naison de la région d’intérét ; et

mesurer (76) une sténose de vaisseau san-
guin a partir de I'image de combinaison de
la région d’intérét.

2. Systéme de CT (10) selon la revendication 1, dans
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lequel l'ordinateur (36) est en outre programmeé
pour :

effectuer un étalonnage (62) du systéme de CT
(10) pour déterminer un niveau d’énergie chro-
matique auquel un faisceau durcissant associé
a limagerie de la matiéere en plaque est
minimisé ; et

fixer le second niveau d’énergie chromatique a
un réglage de niveau d’énergie qui minimise le
faisceau durcissant associé a 'imagerie de la
matiére en plaque en se basant surI'étalonnage
du systéme de CT (10).

3. Systeme de CT (10) selon I'une quelconque des re-
vendications précédentes, dans lequel I'ordinateur
(36) est en outre programmé pour :

accéder a une table de consultation fournissant
une corrélation entre des niveaux d’énergie
chromatiques utilisés pour un balayage et une
erreur de surestimation de taille de matiére en
plaque associée a de tels niveaux d’énergie
chromatiques ; et

appliquer une correction ala mesure de sténose
(76) en se basant sur les corrélations de table
de consultation.

4. Systeme de CT (10) selon I'une quelconque des re-
vendications précédentes, dans lequel I'ordinateur
(36) esten outre programmeé pour obtenirles premier
et second ensembles de données d’image de CT
pendant une rotation simple du portique rotatif (12)
et en utilisant une source de rayons X unique (14).
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